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(57) Abstract 



Described is a new phase-modulation sensing scheme for a broad range of chemical optical sensing without requirements for 
lifetime-sensitive sensor dye. The measurement of concentration of an analyte relies on the measurement of phase angle or modulation of 
fluorescence of mixed fluorophores. The sensing probe consists of two fluorophores, a first fluorophore with the analyte-induced change 
in intensity and a second fluorophore which intensity does not appear to be sensitive to the analyte. The most important requirement for 
such sensing probe is that fluorescence lifetimes need to be significantly different The new phase-modulation sensing scheme allows 
determination of fractional and total intensity of both dyes in a sample by measurement of the phase angle and modulation. 
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ANALYTE QUANTITATION USING A METAL- LIG AND COMPLEX PROBE 

Introduction 

At present there is considerable interest and research activity in nthe fleldof chemical sensing* 
Rapid and continuous monitoring of many analytes ( pH. pC0 2f metal ion*, etc.) Is required in 
many anas of science, including analytical chemistry, biochemistry, environmental sensing, clinical 

CfaegliStty iff?"**"** applications Pfantgacenefl-hagcd ttming ■*« cm* n f th« pmmi^jng tfrhmqim 

because of fluorescence sensitivity, incring number of sensitive and specific fluorescent probes for a 
variety of analytes (e.g Molecular Probe Catalog) and their fabrication with fiber optics. 

At present, most most types offluorescence sensing are based on the standard intensity-based 
methods, in which the intensity of the probe molecule changes in response to the analyte of interest* 
These intensity changes can be indue ed by an analytednetocfaanges in extinction m 
in quantum yield, absorption and emission spectral shifts, or simply due to the inner filter effects. 
While intensity measurements are simple and accurate in the laboratory, they are often inadequate in 
real-world situations. This is because the sample may be turbid, fee optical surfaces may be imprecise 
and become dirty and optical alignment may vary from sample to sample. A significant disadvantage 
of intensity based sensing is the problem of referencing the intensity measurements. The fluorescence 
intensity measurement depends on the intensity of exciting light, the optica] density at the excitation 
and emission wavelengths, the light loses in the optical path length, detector sensitivity and the 
concentration of the fluorophore. These difficulties with with intensity-based sensing appear to be 
limiting the more widespread use of fluorescence for quantitative chemical sensing. 

Recent advances in optoelectronic havenowmade possible anew type of fluorescence sensing. 
Instead of fluorescence intensities it is possible to measure fluorescence lifetime* particularly by the 
phase modulation method with a simple light sources. The advantages of lifetime-based sensing and 
the for a several mechamsmstfanalyt^ 

(Szmacinski and Lakowicz, Topics in Fluorescence Spectroscopy, Vol 4, pp.295-334* Plenum Press, 
New York 1994). The preferred li fetimetased sensing technique is phasennodulation, where analyte- 
induced changes in lifetime of the probe axe measured by phase angle and modulation at single 
modulation frequency. Thephase and modulation are related to the analyte concentration. The number 
of various lifetime-sensitive probes were characterized for several analytes like pH, Ca*\ Mg**, K*, 
Na*. Practically all of the known analyte lifetime-sensitive probes excluding the probes tor 0> sensing 
display short lifetimes, most often in the range of 1- 5 ns. Using the probes with short lifetimes require 
high modulation frequencies in the range of 50 - 300 MHz in order to obtain sufficient changes in 
phase and modulation for analyte sensing. However, in spite that inexpensive light sources like LED's 
can be modulated in that range of frequencies, the cost of phase -modulation device still seems to 
expensive because of requirement for high modulation frequencies. 

There is observed a significant effort in several laboratories to develop the functional long 
lifetime probes in the range above 100 ns. There is a large number of fluorophores that display long 
lifetime fluorescence like metal-Ugaxid complexes based on ruthenium, rhenium, osmium, platinum 
or rhodium. The lifetimes as long as 100 vis can be obtained. However, there are not known MLC 
based probes that their It fetim ea are sufficiently sensitive to analytes for practic al use . Oni y Oj probes 
are used widely where the mechanism of quenching is exploited. Having a long lifetime probes the 
sensing can be at low modulation frequency in the range of 10-1000 kHz. The phase and/or 
modulation instrument can be designed based on inexpensive components . In addition in this range 
the LED's can be very easy modulated with high modulation depth. 
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Th^ ptwpoBe of thi* invention is to use the aAwaatayft to mw wny» pVmjM xnA mruh\\*tirm j n tfw 
tow modulation frequencies and using available (or designed) fluorophores that intensity is sensitive 
to the analyte of interest The one way to obtain this is mixing the analyte-intensiry sensitive 
fluorophore with the second fluorophore chat does iK»t be analyteaensitivc.lt is known that tte 
angle and modulation of the sample dapmi on values of lifetime and fractional intensities of 
components. The changes in phase angle and modulation can be as result of changes in Pactional 
intensities without changes in the lifetime of both component By mixing an analyte sensitive 
fluorophore (short lifetime or long lifetime) with the second fluorophore that does not be analyte 
sensitive Gong lifetime or short lifetime) with controlled relative concaitration , excitation wavel ength 
and amission band an analyte sensitive probe can be created. The expected analyte induced changes 
in phase angle and modulation can be as large as 90 degree and L0, respectively. To observe large 
changes in phase angle and modulation die modulation frequency can be at lower range determined 
by the long lifetime component 

The controlled mixing of two fluoxophores allows to turn any intensity-based fluorophore 
regardless of its lifetime as a lifetime-based probe using a phase and modulation technique. The 
axialyte-induced changes in fractional intensities of two components allow to determine the analyte 
concentration from the phase and/or modulation at single modulation frequency. In addition, the 
absolute amount of fluorescence intensity from both dyes can be determined from phase and 
modulation measurements. This leads to opportunities to correct the intensity signal from probes in 
presence of background and autonuoxescence* 

The properties, requirements, advantages and various applications of the presented invention are 
discussed along with the drawings. 
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Theory 

The total intensity decay is often described by a sum of exponentials 

/(#)-S«|wp(^/«j} (i) 

Where Of are the pre-expouential factors and t; the decay times. The factional intensity of each 
component is proportional to the pre-exponential factor and decay time, 

/ ( -ctf/Sa,r, (2) 

Consider the emission from a sample excited with a light modulated with circular frequency g>. The 
fxequeacy*dependent phase angle *)„ and modulation m^ values can be calculated from the sine and 
cosine transforms of the impulse response. The necessary transform are 

J/(/)cos«lielr 

The analytical expressions for these transforms are give elsewhere ( Lakowicz et aL Biophys. J. 46, 
463. 1984 and Gratton et aL, Biophys. J. 46, 478, 1982). The phase and modulation values are given 
by 

Tru-iN-sEtT (6) 

Let assume that total emission of the sample (1^) consists of fluorescence with short intensity decay 
(S) and of long lifetime (L). The fractional intensity of short lifetime component is f s and that of long 
lifetime component fi. , where f L =» 1 - £5 . At each frequency the total emission can be described by 
( Lakowicz and Baiter, Biophys. Chem., 16, 99-1 15 and 1 17-132, 1982) by sine and cosine transform 
as 



Equations for phase angle and modulations can be derived by inserting the-Eqs. (7) into the 
Eqs. (5) and (6), the equations for phase angle and modulation for a mixed sample can be obtained 
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In this invention we are interested in eases where the difference between the short lifetime and long 
lifetime are in order of 50-fold or larger. 

If the difference between the values of lifetimes are large than for certain range of modulation 
frequencies the phase angle and modulation of the mixed tampLe will be independent on the value o f 
the short lifetime component because of<p 4 ■0andm A =t.0. The analytical expression fbr phase angle 
and modulation in such cases are given as 

m . -> f t rru**<P L 



where q> L = tan-^orj and n^ = (1+ cj 2 xjy*. 

The phase angle and modulation of mixed sample will depend only on value of long lifetime 
component and its factional intensity f^Thus, the phase angle measurement at single modulation 
frequency allows to determine the fractional intensities ofboth components and further cak T 'l fltft the 
amount of absolute signals from both species in at known total signal (l^ and the value of long lifetime 
component (tr L ). 

Further simplification of Eqs. (8) and (9) can be obtained if the phase angle and modulation of mixed 
samp le is measured at the frequency range where the modulation m^ is low, so the terms with n^ 2 can 
be neglected. Straightforward relation between fractional intensity and modulation than is obtained 

In other words the value of fluorescence modulation is equal die value of fractional intensity of short 
fluorescence component, f$. Thus, the measurement of modulation of mixed fluorophores allows in 
certain conditions like large difference between values of long and short lifetime components directly 
measure the intensity of either components. It is important that in such cases there is no need to know 
the values of lifetimes in the sample. In frequency response of modulation we should observe steeples 
part within a certain range of modulation frequencies. 
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Simulated Datm 

It is important to demonstrate the ability of above theoretical predictions. The marc detailed 
description for simulated data one can find in part of Drawing Description* in Figs, la -4a and Figs. 
lb-4b~ 

Fig. 1 a and Fig. lb show the expected frequency responses of phase angle and modulation for long 
lifetime and short lifetime fluorophores. Two distinct ranges of modulation frequencies are needed to 
measure the short lifetime and to measure long lifetime fluorescence. In order to measure the lifotime 
shorter man 3 ns that display most of organic fluorophores* high modulation frequencies are required 
in order of 100 MHz. This is achieved by an expensive phase-modulation fluorumeters which are 
commonly used in the research labs. Long lifetime fluorescence requires tow modulation frequencies 
in the range of 100 kHz. The design of phase-modulation mstnrment for low modulation frequencies 
is less expensive and can provide higher accuracy of measurements that similar with high frequency. 
However, there are not available hYerime-sensitive fluorescence sensors that display long lifetimes 
besides the sensing of oxygen using a mctaHigand complexes. 

Fig. 2a and Fig 2b show the expected frequency responses of phase angle and modulation of 
fluorescence that consist of fraction of long lifetime and fraction the short lifetime fluorescence. The 
values from 0 to I represent the fractional intensity of short lifetime fluorescence in the measured 
signal. There are observed great changes from 0 to about 90 deg in phase angle and from I to 0 in 
modulation values upon changes of fractional contribution of fluorescence from both fluorophores. 
In addition the steeples part of modulation value is equal the fractional intensity of short lifetime 
fluorescence. Thus fractional-dependent phase angle and/or modulation can be used to measure the 
intensity of desired fluorophore in the sample using in most cases only one modulation frequency. The 
changes in fractional intensity can be induced by the analytc; (1) by affecting the absorption spectra 
( extinction coefficient and/or spectra shift), (2) by affecting the emission spectra (quantum yields 
and/or spectra shifts). There are marry possibilities to optimize such sensor probe by the choice of 
excitation wavelength, emission band and relative concentration of used fluorophores. 

Fig. 3a and Fig, 3b show the expected frequency responses of phase angle and modulation where the 
value of short lifetime is changed from 0.5 to 10 ns in several steps. The fractional intensity of short 
component in each case is the same of 0.15 in Fig. 3a and 0.5 in Fig. 3b. The important observation 
from these figures are that me phase angle and modulation below certain frequency are not sensitive 
to the value of short lifetime fluorescence in the sample. This is similar to die gating technique in pulse 
method where by applying a certain delay after pulse excitation only the signal from long lifetime 
fluorescence is detected. In phase-modulation technique it is impossible to measure only long lifetime 
component The analytical methods have been developed for background correction in phase- 
modulation fluorometry based on the measurements of die background sample or based on known 
intensity decay of background and it contribution in the sample signal. In the case presented in Fig. 
3a and 3b the desired intensity of long lifetime component can be obtained by measuring the phase 
and/or modulation at single modulation frequency regardless of intensity decay of the background or 
autofluorescence or scattered light until mean lifetime is short enough compare to long lifetime 
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Quoiophorc. This feature can be used also to determine the strisotrepy of long lifetime component in 
turbid media with scattered light or with background fluorescence with known value of amsotropy. 
Tins may find immediate application in detecting binding ofhigh molecular weight macromolecuies 
labeled wi th a metaMigand complexes or in immunoassays. It is also important for ^Wriral sensing 
that changes in the lifetime due to analyte for abort lifetime indicators ham no effect of Pactional 
intensity and thus on sensing of analyte concentration* 

Fig- 4a and Fig 4b show die expected frequency responses ofphaseange and modulation 
value of long lifetime is 100 9 500, and 5000 ns and short lifetime fluorescence of 10 ns. The most 
important observation is from Fig 4b where the value of steeples part of modulation reflect the 
fractional intensity of short lifetime component regardless on the value of the long lifetime component. 
Also is important that the choice of low modulation frequency depends mostly on the value of long 
lifetime component but not on the value of short component 
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Experimental Data 

There three experimental examples to demonstrate the described invention. The Example 1 
demonstrate the phase and nnxtulatiw sera of sample are varied 

by various relative concentration of two dyes in the sample. 

The Example 2 demonstrates the possibility to determine the intensity of flurophore of interest in 
presence of various amoun of background or autoflnoracence from the solvent 
The Example 3 demonstrate how the sensing probe can be created when pH induced changes in 
fractional intensities of a probe contained pH intensity sensitive indicator and long lifetime 
fluorophore con be measured by phase angle and modulation. 

Example 1 

Two fhiorophorea have been chosen, one with a long lifetime fluorescence Scorn metal-ligand 
complexes like [RuCbpy^dcbpy] 2 with a lifetime in glycerol of 1060 ns and the second with short 
li fetime like many org anic fluoiophores Texas Red Hydrazide with a lifetime o f3 A ns in glycerol. The 
two dyes were mixed at various relative concentrations to induce the various fractional intensities in 
the sample 

Fig. 5a show the absorption spectra of long lifetime fluoxophore [Rnfrpy^cbpy] 24 " and short lifetime 
fluorophore Texas Red Hydrazide (TRH) (solid lines and their mixture at concentrations specified in 
Figure- It is shown that any excitation wavelength shorter than about 640 am will excite both 
fluoiophores. The resulting fractional intensities from both fluoiophores will be strongly dependent 
on the choice of excitation wavelength. One can imagine that value of extinction coefficient or shift 
in absorption spectrum will result in changes of fractional intensities that can be monitored with phase 
and/or modulation measurements. One excitation wavelength has been chosen as 488 nm (Argon-ion 
laser). Hie total concentration of dyes were low to avoid the inner filter effects. The changes in 
absorption was induct by using various concentration combination of both fluoiophores. 

Fig. 5b shows the emission spectra of [RuCJpy^dcbpy] 2 * and TRH at one selected concentration 
combination. The emission spectra overlap well and for phase and modulation measurements we used 
the long pass filter above 350 nm. 

Fig. 6 show the frequency responses of phase angle for long lifetime fluoiophore tRu(bpy) 2 dcbpy] lt 
with a lifetime of 1060 ns and the short lifetime TRH of 3.4 ns when mixed together at a specified 
relative concentrations from 0 to 12.8. The obtained values for fractional intensities are in good 
agreement with those expected from steady-state measurements of full emission spectra. These 
experimental data are related to those simulated and discussed in Fig. 2a. 

Fig.7 show the frequency responses of modulation fbr long lifetime fluorophorc [Ru(bpy)2dcbpy] 2 * 
with a lifetime of 1060 ns and the short lifetime TRH of 3.4 ns when mixed together at a specified 
relative concentrations from 0 to 12.8. These experimental data confirm that presented and discussed 
in Fig. 2b. 
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Example 2 

The purpose of this example was to demonstrate the calculation of intensity of long lifetime 
fluorophore in presence of background fluorescence from the solvent Long lifetime fluorophore was 
the same as in Example 1 [Ru{bpy)j<k*py)* with a li fttim* in glycerol of 1 060 ns. The glycerol (fiom 
Fluka) displayed a background fluorescence that overlaps with the emission of ruthenium, hi many 
applications the requirements are for very low dye concentration which posses the difficulties for 
increased background corrections. The increased contribution ofbackground fluorescence fiom solvent 
was obtained by the dilutions of the ruthenium sample with glyceroL 

Fig. 8 show the emission spectra of ruthenium with decreased concentrations and also background 
fluorescence fiom used glycerol. The fractional intensity of glycerol calculated by integrating the 
spectra are following: 0. 1 08, 0.379, 0.757, and 0.886 at ruthenium concentration of 740 ISO 29 and 
6mVL 

Fig. 9 show frequency responses of phase angle of the samples with increased contributions of 
background fluorescence. The obtained values are in good agreement with those fiom steady-state 
measurements. The small difference are because of different excitation sources (xenon lamp and 
monochromator in steady-state, and Ar-ion laser in phase- modulation measurements). It should be 
noted that phase angle is related only to fractional intensity at modulation frequencies lower than 1 
MHz. The glycerol displayed a complex intensity decay with a mean lifetime shorter than 3.5 ns. 
These experimental data confirm that presented in Fig 3a where the short lifetime component do not 
contribute to changes in phase angle for certain low modulation frequencies. 

Fig 10 show frequency responses of modulation of the samples with increased contributions of 
background fluorescence. The steeples part of modu l atio n indicate good separation between the 
fluorescence o f ruthenium and that of glycerol and can be easy used to determine the abso lute intensity 
of the ruthenium- These results confirm that discussed in Fig. 3b. 

Example 3 

The goal of this example is to demonstrate the great opportunity of designing the fluorescence probe 
for measuring a large variety of chemical species where the change in fluorescence intensity can be 
obtained. For example we have chosen a pH intensity sensitive indicator Naphtofluorescein and the 
second dye with a long lifetime [Ru0>hn)j] 2 \ The Naphto fluorescein as most of fluorescein dyes 
display pH sensitive absorption spectrum and decreased fluorescence quantum yield at lower values 
of pR To demonstrate the practical use of such sensor we used inexpensive blue LED as a excitation 
source. 

Fig* 1 1 shows the emission spectra of a mixture of ruthenium and Naphtofluorcscein at various values 
of pH. The increased pH values affect the fractional intensities fiom both of dyes which is displayed 
as decreased fluorescsace from the ruthenium and increased contribution fiom the Naphtofluorescein. 
The fractional intensities in the sample can be selected by the cutt off filter or by band pass filter. We 
have chosen use long pass filter above the 595 nm. The excitation source was a blue LED with a 
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irtftviiwttm intensity at 475 nm* 

Fig. 12 shows the frequency responses of phase angle of such pH sensor. There are observed 
rfmy^rnHty large changes in phase angle at mnAitsrinn induced hythwpKnfn mmpK The pH phflSC- 
based sensing can be performed at low modulation frequencies in spite of very short lifetime of 
Naphtofluorescein of about 0.45 ns frequencies below 10 MHz. 

Fig. 13 shows large changes in modulation induced by pH of the sample. There is a wide range of 
^TrMfn<iit4mi ftgqpgftciea where modnl wtirm value is related only to the pff value evan not to madid^m 
frequency* This is because the difference in lifetimes of rumemum andNgphtofluoresocin ia very large 
about 1000-fold. It is again important Co note that long lifetime value detomines the useftd low 
modulation frequency for sensing. 

Fig, 14 shows pH-dependent phase angle for several modulation frequencies. It should be noted die 
magnitude of phase angle changes up to 69 deg (see values in the brackets) . This is remarkably pH 
sensor, which allows measurements the pH changes as small as of 0.0035 of pH unit assuming that 
phase angle can be measured with an accuracy of 0. 1 deg (from curve at 2200 kHz in the range from 
pH 6 to 8) . Also choosing the modulation frequency allow to shift the apparent pKa, in presented case 
from 6.41 to 7,24. 

Fig. IS shows pH-dependent modulations for several modulation frequencies. The pH induced changes 
in modulation ( values in die brackets) are large and significantly depends on die choice of modulation 
frequency. The apparent pKa is slightly dependent on modulation frequency. 
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Applications f the Invention 

1. be apphed to amaa the intensity si^ 

2. Can be applied to correct the intensity in presence of background fluorescence ™* 
autofluorescence. 

3. Can be applied to measure the analyte induced intensity changes of fluui cuuc u ue piubca by the 
phase and modulation measurements. The concentration of the analyte is related to the values 
of measure phase angle and modulation- The analyte intensity sensitive dyes need be mixed 
with die second dye which does not be sensitive to the analyte. The difference between values 
of lifetimes of used two components is preferable larger than 50-fold. 

4- Can be applied for correction of anisotropy of fluorophore of interest in the samples with the 
background autofluorescence. Three modes are regarded as important (1) when long lifetime 
anisotropy probe is used and background correction is needed because of short lifetime 
background autofluorescence, (2) the Kong lifetime component is intentionally added in purpose 
to obtain information about changes in the background autofluorescence, (3) the long lifetime 
component is added to monitor very smalt changes in intensity of short lifetime probe. In all 
three modes the phase angle and modulation values are used to obtain the information about the 
intensity changes. 
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of mixed fluoiofbrs in ctfder to dstcnnnuB signil fluorescence in the ptesence background 
fluorescence* 
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1 1 . A method of determining the concentration of an analyte in a liquid, comprising: 

2 a) adding a probe to the liquid to form a composition containing a mixture of 

3 fluorophores; 

4 b) exciting the composition with radiation so as to result in a mixture of fluorescent 

5 signals including a signal of interest indicative of the concentration of said 

6 analyte, and further including background signal information; 

7 c) identifying the signal of interest indicative of said analyte concentration; and 

8 d) determining the concentration of said analyte based on said signal of interest. 



1 



2. The method of claim 1 wherein said probe is a metal-ligand complex probe. 
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